In this study, we have investigated the underlying molecular mechanism for the potent proapoptotic effect of luteolin on human hepatoma cells both in vitro and in vivo, focusing on the signal transducer and activator of transcription 3 (STAT3)/Fas signaling. A clear apoptosis was found in the luteolin-treated HLF hepatoma cells in a time-and dosagedependent manner. In concert with the caspase-8 activation by luteolin, an enhanced expression in functional Fas/CD95 was identified. Consistent with the increased Fas/CD95 expression, a drastic decrease in the Tyr 705 phosphorylation of STAT3, a known negative regulator of Fas/CD95 transcription, was found within 20 minutes in the luteolin-treated cells, leading to down-regulation in the target gene products of STAT3, such as cyclin D1, survivin, Bcl-xL, and vascular endothelial growth factor. Of interest, the rapid downregulation in STAT3 was consistent with an accelerated ubiquitin-dependent degradation in the Tyr 705 -phosphorylated STAT3, but not the Ser 727 -phosphorylated one, another regulator of STAT3 activity. The expression level of Ser 727 -phosphorylated STAT3 was gradually decreased by the luteolin treatment, followed by a fast and clear down-regulation in the active forms of CDK5, which can phosphorylate STAT3 at Ser 727 . An overexpression in STAT3 led to resistance to luteolin, suggesting that STAT3 was a critical target of luteolin. In nude mice with xenografted tumors using HAK-1B hepatoma cells, luteolin significantly inhibited the growth of the tumors in a dosage-dependent manner. These data suggested that luteolin targeted STAT3 through dual pathways-the ubiquitin-dependent degradation in Tyr 705 -phosphorylated STAT3 and the gradual down-regulation in Ser 727 -phosphorylated STAT3 through inactivation of CDK5, thereby triggering apoptosis via up-regulation in Fas/CD95.
Introduction
Flavonoids are polyphenolic compounds occurring naturally in the plant kingdom, displaying a wide range of pharmacologic properties, including anti-inflammatory, anticarcinogenic, and anticancer effects (1) . Luteolin, the flavone subclass of flavonoids, usually occurs in its glycosylated form in celery, green pepper, perilla leaf, and camomile tea, etc., and much as an aglycone in perilla seeds. Recently, a potent anticancer effect of luteolin has been shown in several experiments in vitro ; however, the bioavailability of luteolin has not yet been fully tested. Only one study on mouse skin cancer development has shown an anticancer effect of the luteolin-containing perilla leaf extract in vivo (2), suggesting a potential anticancer effect of any form of luteolin in vivo.
Apoptosis is supposed to be the main mechanism of the anticancer effects of luteolin, although other mechanisms, such as cell cycle inhibition by inactivating cyclin-dependent kinase 2 (CDK2; ref. 3) , and antiangiogenesis by inhibiting vascular endothelial growth factor (VEGF)-induced phosphatidylinositol 3V-kinase activity (4) , have been shown. The suggested mechanisms for the luteolin-induced apoptosis include activation of wild-type p53 (5) , inactivation of receptor tyrosine kinase (6, 7) , inactivation of topoisomerases (8, 9) , sensitization to tumor necrosis factor-a (TNF-a; ref. 10) , imbalance in Bcl-2 family of proteins (11) (12) (13) , and inhibition of fatty acid synthase activity (14) .
Signal transducer and activator of transcription 3 (STAT3) is a key signaling molecule for many cytokines and growth factor receptors (15) . In addition, STAT3 is constitutively activated in a number of human tumors and possesses oncogenic potential and antiapoptotic activities (16) (17) (18) . STAT3 is activated by phosphorylation at the Tyr 705 residue, which induces dimerization, nuclear translocation, and DNA binding (19) . Transcriptional activation seems to also be regulated by phosphorylation at the Ser 727 residue, apparently via mitogen-activated protein kinase or via a mammalian target of rapamycin pathways (20, 21) . Recently, the oncogenic transcription factor STAT3 has attracted much attention as a pharmacologic target, although in vivo evidence suggesting that inhibiting STAT3 could counteract cancer has remained incomplete (22) .
CDK5 plays an essential role in both the development of the central nervous system during mammalian embryogenesis and maintenance of the neuronal architecture in the adult. Its deregulation has been implicated in neurodegenerative diseases (23) . Although CDK5 binds to cyclins D and E, the activation of CDK5 requires one of its regulatory subunits, p35 or p39 (23) . The extraneuronal expression of CDK5/p35 has been identified (24) ; however, the functional roles of CDK5 in the extraneuronal cells, such as liver cancer cells, have not yet been fully examined. Recently, CDK5 has been shown to regulate the phosphorylation of STAT3 on the Ser 727 residue (25) , suggesting that CDK5 participated in the oncogenic process through regulation of the STAT3 activity in neoplastic cells. The aims of the present study were to clarify the detailed apoptotic mechanism of luteolin in human hepatoma cells in vitro and to assess the antitumor potential of luteolin in vivo. Here, we show a novel mechanism for luteolin-induced apoptosis to promote Tyr 705 -phosphorylated STAT3 degradation. This unique mechanism of luteolin may lay the basis for the potent anticancer effect of luteolin, because STAT3 regulates expressions of crucial tumor-promoting gene products, including cyclin D1, survivin, BclxL, and VEGF. We also show the luteolin-induced activation of Fas/ CD95-mediated apoptosis through attenuation in the STAT3 expression. The in vivo antitumor effect of luteolin against hepatoma cell xenografts in nude mice suggests the bioavailability of this flavonoid.
Materials and Methods
Materials. Luteolin was isolated from perilla seeds and purified using high-performance liquid chromatography (purity >95%; Oryza Oil and Fat Chemical, Ichinomiya, Japan). Apigenin and (À)-epigallocatechin-3-gallate were purchased from Wako Pure Chemical Industries (Osaka, Japan). Recombinant human IFN-g and recombinant human interleukin (IL)-6 were obtained from PeproTech (Rocky Hill, NJ). Antibodies against poly(ADP)ribose polymerase (PARP); Bcl-xL; survivin; phosphorylated STAT1; Tyr 705 -phosphorylated STAT3; caspase-3; and cleaved caspase-3, caspase-7, and caspase-8 were purchased from Cell Signaling Technology (Beverly, MA). Anti-Fas/CD95 antibodies were from BD Biosciences (Franklin Lakes, NJ; clone DX2), and MBL (Nagoya, Japan; clone CH-11), respectively. Antibodies against glyceraldehyde-3-phosphate dehydrogenase (GAPDH), TNF receptor 1 (TNFR1), Fas/CD95 ligand, STAT1, STAT3, Ser 727 -phosphorylated STAT3, STAT5, VEGF, ubiquitin, cyclin D1, CDK5, Tyr-phosphorylated CDK5, Serphosphorylated CDK5, and p35 were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against actin and FLAG were from Sigma (St. Louis, Missouri). MG-132, ALLN, roscovitine, and Ubiquitinated Protein Enrichment kit were from Calbiochem (San Diego, CA), and recombinant protein G agarose and the Lipofectamine kit were from Invitrogen (Carlsbad, CA). The caspase inhibitor Z-VAD-FMK was from Promega Corporation (Madison, WI). Enhanced chemiluminescence (ECL) reagents were obtained from Amersham Pharmacia Biotech (Buckinghamshire, United Kingdom), and the protein assay reagents were from Bio-Rad (Hercules, CA). The RNeasy kit was purchased from Qiagen (Valencia, CA). All other reagents and compounds were analytic grades.
Cell lines and cultures. Three human hepatoma cell lines, HepG2, HLF, and HAK-1B, and the human neuroblastoma cell line IMR-32 were used in this study. HepG2 and HLF were obtained from the Cancer Cell Repository of Tohoku University (Sendai, Japan) and the Human Science Research Resources Bank (Sennan, Japan), respectively. IMR-32 was from RIKEN BioResource Center (Tsukuba, Japan). HAK-1B was established in the Department of Pathology at our university (26) . This cell line was well characterized and has often been used for s.c. transplantation into nude mice (27) . Each cell line was grown in DMEM (Sigma-Aldrich Japan, Tokyo, Japan) supplemented with 10% heat-inactivated (56C, 30 minutes) fetal Figure 1 . The proliferation-inhibitory effect of luteolin on HLF hepatoma cells. A, 2 Â 10 4 HLF cells were seeded on a 60-mm-diameter dish, and incubated with each concentration of luteolin indicated up to 3 days. The cell number was counted at days 1, 2, and 3 after the seeding. Both a dosage-and a timedependent inhibition of cell proliferation are shown. B, HLF cells were subjected to the 50 Amol/L luteolin treatment for 48 hours (control, vehicle-treated). Cells were then harvested, and the sub-G 1 population for 50,000 events within a fixed gate was analyzed. The indicated percentages are the mean of three independent experiments, each in duplicate. C, each sample of cell lysate containing of 50 Ag protein was subjected to the immunoblot analysis for apoptosis. Cleavages in caspase-8, caspase-3, caspase-7, and PARP are clearly shown in the 50 Amol/L luteolin-treated HLF cells. D, 3 Â 10 5 cells were seeded onto a 35-mm-diameter dish and cultured for 24 hours. Z-VAD-FMK or the vehicle (DMSO) was added to the medium at 1 hour before the 50 Amol/L luteolin treatment. After the 48-hour incubation, the attached cells were counted. *, P < 0.001; Lut, luteolin; 20Z, 20 Amol/L Z-VAD-FMK; 30Z, 30 Amol/L Z-VAD-FMK.
bovine serum (BioWest, Nuaill, France), 100 units/mL penicillin, and 100 Ag/ mL streptomycin (Invitrogen) in a humidified atmosphere of 5% CO 2 at 37C.
Cell counting. The cell numbers of both untreated and luteolin-treated HLF cells were counted using a CDA-500 automated cell counter (Sysmex, Kobe, Japan).
Cell cycle analysis by flow cytometry. The DNA content was assessed by staining ethanol-fixed cells with propidium iodide and monitoring by FACSCalibur (Becton Dickinson, Franklin Lakes, NJ). The percentage of cells in the sub-G 1 apoptotic cell population was determined using CELLQuest software (Becton Dickinson).
Immunoblot analysis. Hepatoma cells were lysed in lysis buffer [50 mmol/L Tris-HCl (pH 8.0), 150 mmol/L NaCl, 0.5% NP40, 1 mmol/L EDTA (pH 8.0), 1 mmol/L EGTA (pH 8.0), 0.1 mmol/L sodium fluoride (NaF), 0.1 mmol/L sodium orthovanadate (Na 3 VO 4 ), 1 mmol/L DTT, 2 Ag/mL aprotinin, and 2 Ag/mL leupeptin]. Cell lysates were centrifuged at 12,000 Â g for 20 minutes at 4jC, and the supernatant was separated. Xenografted tumor tissue samples were homogenized on ice in the lysis buffer, and the homogenate was clarified by centrifugation. The protein concentration was measured using a Bio-Rad protein assay kit. After being boiled for 5 minutes in the presence of 2-mercaptoethanol, samples containing cell or tissue lysate protein were separated on 10% or 15% SDS-polyacrylamide gel and then transferred onto equilibrated polyvinylidene difluoride membranes (Bio-Rad). After skimmed milk blocking, the membranes were incubated with the primary antibodies described above. The bound antibodies were detected with horseradish peroxidase (HRP)-labeled sheep anti-mouse IgG or HRP-labeled donkey anti-rabbit IgG (Amersham Pharmacia Biotech) using the enhanced chemiluminescence detection system (ECL Advanced kit). A positive signal from the target proteins was visualized using an image analyzer LAS-1000 plus (Fujifilm, Tokyo, Japan), and the fold increase and percentage reduction in the protein expressions were determined using an Image Gauge version 3.45 (Fujifilm).
Immunofluorescence confocal laser scanning microscopy. Immunocytochemistry was done as previously reported (28) . Hepatoma cells, grown on Lab-Tek Chamber Slides (Nalge Nunc Int, Naperville, IL), were fixed with 4% paraformaldehyde for 10 minutes at room temperature, and then washed in PBS containing 0.05% Tween 20 (PBS-T). Nonspecific reactions were blocked with protein block serum-free (DAKO Japan, Kyoto, Japan) and then incubated with an anti-Tyr 705 -phosphorylated STAT3 antibody at 4jC overnight. After washing in PBS-T, the specimens were treated with Alexa Fluor goat anti-mouse IgG (H+L) antibody (Molecular Probes, Eugene, OR) for 30 minutes at room temperature, and then counterstained by propidium iodide after digestion of RNA by RNase (Nippon Gene, Tokyo, Japan). A confocal laser scanning microscope (FLUOVIEW FV300; Olympus, Tokyo, Japan) equipped with an argon/krypton laser capable of dual excitation and detection was used to visualize the immunostaining for Tyr 705 -phosphorylated STAT3 protein and the nuclear localization of propidium iodide. The negative stain control was done by omitting the primary antibody in the above experiment.
Reverse transcription-PCR. Total RNA was isolated from HLF cells using the RNeasy system according to the instructions of the manufacturer. RNA quantification was done using spectrophotometry. Reverse transcription-PCR (RT-PCR) analysis for the mRNA expressions in Fas/CD95 and the internal control GAPDH was carried out using a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA), under the following conditions: initial denaturation at 94jC for 2 minutes, 35 cycles of amplification (denaturation at 94jC for 30 seconds, annealing at 50jC for 30 seconds, and extension at 72jC for 30 seconds), and extension at 72jC for 5 minutes. The sequences (5V -3V ) for the primer pairs of Fas/CD95 and GAPDH, respectively, were as follows: Fas/CD95, CAAGGGATTGAAATTGAGGA ( forward) and GACAA-AGCCACCCCAAGTTA (reverse); GAPDH, GTCAACGGATTTGGTCGTATT ( forward) and AGTCTTCTGGGTGGCAGTGAT (reverse). The PCR products were electrophoresed on 1.5% agarose gel, and stained with ethidium bromide.
Transfection of wild-type STAT3 cDNA. The STAT3 overexpression experiments were done using a wild-type STAT3 cDNA as previously described (29) . The FLAG-tagged gene was transfected into HLF cells using the Lipofetamine kit according to the protocol of the manufacturer. At 24 hours after the transfection of the STAT3 gene, luteolin (50 Amol/L) was added into the culture medium of the cells, and the cells were subjected to immunoblots for Tyr 705 -phosphorylated STAT3, total STAT3, cleaved caspase-3, PARP, and FLAG. The untransfected cells without the luteolin exposure, the untransfected cells with the luteolin exposure, the Lipofectamine-treated cell with the luteolin exposure, and the empty vectortransfected cells with the luteolin exposure were set as the controls.
Ubiquitination assay and immunoprecipitation. For the enrichment of any ubiquitinated proteins, affinity matrices consisting of a glutathione S-transferase fusion protein containing the ubiquitin-associated domains of Rad23 conjugated to glutathione-agarose (Ubiquitinated Protein Enrichment kit) were used. The affinity matrices were incubated with untreated or luteolin-treated HLF cell extracts (500 Ag protein) in the lysis buffer for 2 hours. Then, the matrices were washed four times with the same buffer, and bound proteins were eluted with SDS loading buffer. The ubiquitinated protein-enriched samples were subjected to immunoblotting for ubiquitin, STAT3, Ser 727 -phosphorylated STAT3, and Tyr 705 -phosphorylated STAT3. Visualized smear signals were estimated as the polyubiquitinated target proteins. Immunoprecipitation was done as previously described (30) using an anti-STAT3 antibody for HLF cell lysates containing 200 Ag protein.
Effects of luteolin on xenografted tumor growth in nude mice. Cultured HAK-1B (10 7 per mouse) was s.c. injected into the back of 5-weekold male BALB/c athymic nude mice (Clea Japan, Osaka, Japan). At 5 to 7 days later when the largest diameter of the tumor had reached f5 to 8 mm, the mice were divided into three groups (n = 10 each) in a manner to equalize the mean tumor diameter among the three groups. Each mouse was given the CL-2 control diet, 50 or 200 ppm luteolin-containing CL-2-based diet (Clea Japan). The tumor size was measured in two orthogonal directions using calipers weekly, and the tumor volume (mm 3 ) was estimated using the equation length Â (width) 2 Â 0.5. At 6 weeks after the luteolin feeding, the mice were sacrificed and the tumors were resected. The tumor tissues were subjected to immunoblotting. All animal experiments were conducted in accordance with the NIH Guidelines for the Care and Use of Laboratory Animals and were approved by the University of Kurume Institutional Animal Care and Use Committee.
Statistical analysis. Statistical significance was assessed using MannWhitney U test. P < 0.05 was considered statistically significant.
Results
Luteolin inhibited cell proliferation, inducing apoptosis. Luteolin clearly inhibited proliferation in HLF cells in both dosageand time-dependent manner. A 43.6% reduction in cell number was found in the luteolin-treated cells at a concentration of 10 Amol/L on day 3 (Fig. 1A ). An induction in apoptosis contributed to this inhibition in cell proliferation (Fig. 1B) . Moreover, 50 Amol/L luteolin showed a clear apoptosis in HLF cells within 12 hours, showing cleavages for caspase-8, caspase-3, caspase-7, and PARP in immunoblotting (Fig. 1C) . Consistent with this finding, the caspase inhibitor Z-VAD-FMK significantly inhibited the luteolin-induced apoptosis in a dosage-dependent manner (Fig. 1D) .
Involvement of Fas/CD95 in luteolin-induced apoptosis. Because caspase-8 was activated by luteolin, we examined the expression level of caspase-8-associated death receptors, such as Fas/CD95 and TNFR1. Indeed, a clear increase in Fas/CD95 expression, but not in TNFR1, was found in the luteolin-treated HLF cells ( Fig. 2A) , suggesting a significant involvement of Fas/ CD95 in the luteolin-induced apoptosis. The expression level in the Fas/CD95 ligand in the luteolin-treated cells showed no change in comparison with that in the control cells ( Fig. 2A) , as recently reported in HepG2 cells (12) . To confirm whether the increased expression in Fas/CD95 was due to its transcriptional induction, we did RT-PCR analysis for Fas/CD95 mRNA. The luteolin-treated HLF cells clearly showed an increased expression in Fas/CD95 mRNA (Fig. 2B) . Then, we examined whether this up-regulated Fas/CD95 was functional in inducing apoptotic signals. We stimulated the luteolin-treated cells by an apoptosisinducing anti-Fas/CD95 antibody (clone CH-11) and found that the pretreated cells became more sensitive to this antibody. This indicated that the newly synthesized Fas/CD95 was functional in mediating the apoptotic signals in the luteolin-treated human hepatoma cells (Fig. 2C ).
Decrease in the expression level of phosphorylated STAT3s. Transcription of Fas/CD95 is negatively regulated by STAT3, especially by its phosphorylated forms-Tyr 705 -phosphorylated 
STAT3 and Ser
727 -phosphorylated STAT3 (31) . Thus, the increase in the expression level of Fas/CD95 by the luteolin treatment in this study encouraged us to investigate a possible decrease in the expression level of the phosphorylated STAT3s. And indeed, the expression level of Tyr 705 -phosphorylated STAT3, a major phosphorylated STAT3, was drastically decreased within 20 minutes, although that of total STAT3 was mostly unchanged (Fig. 3A) . In contrast to the rapid decrease in the Tyr 705 -phosphorylated STAT3 expression level, a gradual decrease was found in the expression level of Ser 727 -phosphorylated STAT3 (Fig. 3B) . To ensure that this effect of luteolin was specific on the phosphorylated STAT3s, changes in the expression levels of phosphorylated STAT1 and phosphorylated STAT5 were examined using immunoblot analysis, resulting in no change in the phosphorylated STAT1 expression (Fig. 3A) . STAT5 was barely expressed in the hepatoma cells used (data not shown). The drastic decrease in the nuclear Tyr 705 -phosphorylated STAT3 was confirmed by immunocytochemistry using a confocal laser scanning microscope (Fig. 3C) . Then, we assessed whether the specific decrease in the expression level of Tyr 705 -phosphorylated STAT3 occurred universally in other flavonoids, including apigenin and (À)-epigallocatechin-3-gallate. These two flavonoids also decreased the expression of Tyr 705 -phosphorylated STAT3 to an undetectable level at an early time point (within 30 minutes after treatment; Fig. 3D ), followed by an increased expression of Fas/CD95 and the cleavages in caspase-8, caspase-3, and PARP at 24 hours after treatment (Fig. 3E) .
Down-regulation in the STAT3 target genes. Because the oncogenic transcription factor STAT3 hierarchically up-regulates the tumorigenic genes, such as cyclin D1, survivin, Bcl-xL, and VEGF (15), we investigated the expression levels of the protein products of these genes by immunoblot assay. Indeed, all the gene products were clearly down-regulated (Fig. 4) . Because these genes are involved in cell cycle progression (cyclin D1), antiapoptosis (survivin and Bcl-xL), and angiogenesis (VEGF), the downregulation in these genes suggested a profound antitumor potential of luteolin even in vivo.
STAT3 overexpression leads to resistance to luteolininduced apoptosis. If STAT3 was a critical target of luteolin, a profound expression of STAT3 should attenuate luteolininduced apoptosis. To assess this hypothesis, we did a STAT3-overexpression experiment using cDNA of wild-type STAT3. The wild-type STAT3-overexpressing HLF cells showed an increased expression level in total STAT3, also generating a profound expression of both Tyr 705 -phosphorylated STAT3 and Ser 727 -phosphorylated STAT3. Despite luteolin treatment, the STAT3-overexpressing HLF cells had a clearly detectable level in the expression of Tyr 705 -phosphorylated STAT3, which was fragile against luteolin in our system. As a result, the luteolin-treated STAT3-overexpressing cells showed no enhanced cleavages in caspase-3 or PARP, in Figure 4 . To assess the expression levels in the downstream gene products of STAT3, such as cyclin D1, VEGF, survivin, and Bcl-xL, the immunoblot analysis was done using the HLF cells exposed to 50 Amol/L luteolin for 12 and 24 hours. All of the gene products are found to be decreased in their expression levels by the luteolin treatment. (Fig. 5A and B) , suggesting that luteolin might target, at least in part, STAT3 in the hepatoma cells.
Luteolin preferentially promotes ubiquitination of Tyr 705 -phosphorylated STAT3. It is known that the intracellular amount of rapid-turnover proteins, including phosphorylated STAT3, is tightly regulated by the ubiquitin-dependent proteolytic pathway (30, 32, 33) . In this study, a fast and marked decrease in the Tyr 705 -phosphorylated STAT3 expression was found in the luteolin-treated cells, encouraging us to investigate any involvement of ubiquitindependent degradation in the drastic decrease in Tyr 705 -phosphorylated STAT3 expression. Because HLF cells profoundly expressed the phosphorylated STAT3s, ubiquitination of the endogenous phosphorylated STAT3s was detected using the Ubiquitinated Protein Enrichment kit (Fig. 6 ). It was noteworthy that an enhanced polyubiquitination on Tyr 705 -phosphorylated STAT3, but not on Ser 727 -phosphorylated STAT3, was detected in the luteolin-treated cells, under the condition of coincubation with MG-132, a proteasome inhibitor (Fig. 6 ). This finding strongly suggested that luteolin ubiquitinated STAT3 in a phosphorylation site-specific manner in the human hepatoma cells.
Luteolin suppresses the expression level of tyrosine-phosphorylated CDK5. Recently, it has been shown that STAT3 is phosphorylated at a Ser 727 residue by CDK5, a unique member of the CDK family (25) . The activity of CDK5 is regulated by both formation of a complex with the partner molecule p35 (but not cyclins), and Tyr phosphorylation of CDK5 by a putative CDK5 kinase (23) . Because we found a gradual decrease in Ser 727 -phosphorylated STAT3, we investigated any possible earlier decrease in the p35 expression and/or the Tyr-phosphorylated CDK5 expression. To examine these expression levels, we set a positive control using the neuronal cell line, IMR-32, which has been shown to express a profound active CDK5 (34) . HLF cells also expressed CDK5; however, its expression level was low in comparison with that of IMR cells. A clear decrease was identified in the expression level of Tyr-phosphorylated CDK5, but not in that of p35, in a luteolin dosage-dependent manner (Fig. 7A) , suggesting less involvement of the p35 system in regulating Ser 727 phosphorylation of STAT3 in the human hepatoma cells. In the time course experiments, the decrease in the expression level of Tyr-phosphorylated CDK5 was confirmed as an earlier event than the decrease in that of Ser 727 phosphorylation of STAT3 (Fig. 7B) . These findings suggested that luteolin predominantly decreased the expression level of Tyr-phosphorylated CDK5, thereby decreasing the expression level of Ser 727 -phosphorylated STAT3, which was, at least in part, responsible for the attenuated activity of STAT3.
Inhibition in xenografted tumor growth by luteolin. Before going to animal experiments, we confirmed the potent apoptosisinducing effect of luteolin in two other cell lines, HepG2 and HAK-1B. By the luteolin treatment, both HepG2 cells and HAK-1B cells clearly showed cleavages in caspase-3 and PARP, accompanied by decrease in the expression level of Tyr 705 -phosphorylated STAT3 (Fig. 8A) . Because HAK-1B cells were available for a xenograft Figure 6 . To catch any ubiquitinated proteins in the cell lysates, agarose beads coated with domains having affinity to ubiquitin were incubated in the lysates at 4jC for 2 hours. After washing the beads, the ubiquitinated proteins were subjected to immunoblot for Tyr 705 -phosphorylated STAT3 and Ser 727 -phosphorylated STAT3. A part of the lysate was also subjected to immunoprecipitation with anti-STAT3 antibody, and the immunoprecipitates were blotted by the antibodies for (27) , the in vivo antitumor potential of luteolin was investigated (Fig. 8B) . At 4 weeks after the beginning of luteolin-containing food intake, the HAK-1B tumor volume began to decrease in a dosage-dependent manner. After 5 weeks of the dietary luteolin treatment, a significant decrease in tumor volume was found even in mice taking 50 ppm luteolincontaining food (Fig. 8C ). In concert with the decreased expressions in both Tyr 705 -phosphorylated STAT3 and Ser 727 -phosphorylated STAT3, a clear down-regulation in the target gene products of STAT3, such as cyclin D1 and VEGF, was found in the xenografted tumor tissues of the luteolin-treated mice, in a luteolin-dosage-dependent manner. Although an increased expression level of Fas/CD95 and a related cleavage in caspase-7 were confirmed in these tissue lysates, no clear cleavage was detected in PARP (Fig. 8D) .
Discussion
In the present study, we have shown the following new findings: (a) luteolin increased the expression level of Fas/CD95 in neoplastic cells both in vitro and in vivo; (b) luteolin promoted the phosphorylation site-specific degradation in STAT3 through a ubiquitination-dependent process; and (c) luteolin significantly inhibited the growth in human hepatocellular carcinoma xenografts in nude mice.
Among several proposed mechanisms for the luteolin-induced apoptosis, the death receptor-associated mechanism has been recently receiving much attention. Shi et al. (10) first showed that luteolin sensitized TNF-a-induced apoptosis in malignant cells despite no significant increase in the TNFR1 expression level. Also, in our study, the expression level of TNFR1 was unchanged in the luteolin-treated hepatoma cells; however, a sensitization mechanism might underlie hepatoma cell apoptosis, presumably suppressing the expressions of the nuclear factor-nB (NF-nB)-targeted antiapoptotic genes (10) . Very recently, it has been shown that luteolin up-regulated the death receptor 5 (DR5), thereby inducing apoptosis in human cancer cells and augmenting the apoptosis triggered by the DR5 ligand TNF-related apoptosisinducing ligand (35, 36) . These findings strongly suggested a critical involvement of the up-regulated death receptor superfamilymediated signals in luteolin-induced cancer cell apoptosis. Also, in this study, up-regulation in another death receptor Fas/CD95 was first identified, even in vivo, in luteolin-treated human hepatoma cells, resulting in enhanced apoptosis via caspase-8 activation. It remains to be elucidated whether the death receptor-mediated apoptotic mechanism is ubiquitous in the flavonoid-induced apoptosis in malignant cells.
It has previously been shown that transcription of Fas/CD95 was suppressed by the transcription factor, STAT3 (31) . Because several up-regulated gene products by STAT3, such as cyclin D1, c-myc, Bcl-xL, survivin, and VEGF, are all critically involved in the development of cancer aggressiveness, targeting STAT3 is theoretically considered a fascinating anticancer strategy and has actually been shown to be valid in inducing a significant apoptosis in both the mice model of melanoma xenografts and that of squamous cell carcinoma xenografts (37, 38) . Furthermore, ablation of STAT3 expression in vivo has provided a deep insight into a new candidate approach for the treatment of human lymphoma (39) . In this context, our concerns converged in the potential effect of luteolin to down-regulate STAT3 expression as a putative mechanism for increased Fas/CD95 expression. Indeed, in this study, we found a drastic decrease in the expression level of Tyr 705 -phosphorylated STAT3, a major active form of STAT3. Consistent with this finding in immunoblotting assay, we confirmed the immediate disappearance in Tyr 705 -phosphorylated STAT3 from nuclei, where the activated STAT3 worked, in the luteolin-treated hepatoma cells by immunocytochemistry. If this striking down-regulation in active STAT3 is substantially responsible for the luteolin-induced apoptosis through augmenting Fas/CD95 expression, then enforced expression of STAT3 in hepatoma cells should result in luteolin resistance. Indeed, the transfected cells clearly expressed Tyr 705 -phosphorylated STAT3 despite exposure to cytocidal concentrations of luteolin, resulting in less apoptosis. This finding strongly supports the concept that luteolin may induce apoptosis in human hepatoma cells by targeting the oncogenic transcription factor STAT3.
Although the precise mechanisms of STAT3 degradation have not yet been fully understood, it is evident that ubiquitination is involved in the proteasomal degradation of STAT3 (40) (41) (42) . In the present study, we first showed an enhanced ubiquitination of Tyr 705 -phosphorylated STAT3 by the natural flavonoid luteolin. This novel effect by luteolin may provide insights into the antitumor properties of natural agents. Recently, a mumps virusderived protein has been shown to be involved in ubiquitindependent degradation in STAT3 (42); however, it still remains unclear whether such degradation is dependent on the phosphorylation status of STAT3. It is well known that many target proteins (substrates) for degradation are recognized by the substratespecific E3 ligase [termed the Skp1/Cull 1/F-box (SCF)] complex, resulting in proteasomal degradation (43) . Several substrates are captured by their corresponding E3-ligase complexes in a substrate phosphorylation-dependent manner. For example, SCF Skp2 targets phosphorylated forms of p27
Kip1 and p130. Thus, it is speculated that there may be a putative luteolin-( flavonoid)-responsive SCF machinery against Tyr 705 -phosphorylated STAT3 in a phosphorylation-dependent manner.
STAT3 confers tumorigenic advantages to neoplastic cells through up-regulating cyclin D1, Bcl-xL, survivin, and VEGF (15) . In the present study, the expression levels in all of these downstream molecules of STAT3 were clearly down-regulated by luteolin not only in vitro but also in vivo, even in mice ingesting a low concentration (50 ppm) of luteolin. It was suggested that these down-regulations contributed to the potent growth inhibitory effect on the xenografted cancers. In contrast, the clear increase in the Fas/CD95 expression by the luteolin-induced down-regulation of STAT3 seemed to contribute less to the significant apoptosis of xenografted hepatoma cells in vivo. It was noteworthy that the expression level of Ser 727 -phosphorylated STAT3 was also clearly decreased. Because the Ser 727 phosphorylation as well is known to regulate the transcriptional activity of STAT3 (20, 21) , this attenuated phosphorylation was suggested to participate in the down-regulation of the transcriptional activity of STAT3 in the xenografted hepatoma cells in nude mice after long-term ingestion of luteolin. From our findings on the luteolin-induced dephosphorylation of CDK5, long-term exposure to luteolin in vivo might continuously inactivate CDK5, resulting in clear decrease in Ser 727 -phosphorylated STAT3 expression.
Although the actual anticancer effects by luteolin both in vitro and in vivo are not yet agreed upon, the findings from the present study have suggested a dual-pathway theory targeting STAT3; one is the promotion of ubiquitin-dependent degradation in Tyr 705 -phosphorylated STAT3 and the other is gradual down-regulation in Ser 727 -phosphorylated STAT3 through inactivation of CDK5. These events on phosphorylated STAT3s (Fig. 9 ) may trigger apoptosis in cancer cells, although minimally in vivo, and/or inhibit cancerpromoting properties via up-regulation in Fas/CD95 and downregulations in cyclin D1, Bcl-xL, survivin, and VEGF. 
